XZ. Colon distention induces persistent visceral hypersensitivity by mechanotranscription of pain mediators in colonic smooth muscle cells. Am J Physiol Gastrointest Liver Physiol 308: G434 -G441, 2015. First published December 24, 2014 doi:10.1152/ajpgi.00328.2014.-Abdominal pain and distention are major complaints in irritable bowel syndrome. Abdominal distention is mainly attributed to intraluminal retention of gas or solid contents, which may cause mechanical stress to the gut wall. Visceral hypersensitivity (VHS) may account for abdominal pain. We sought to determine whether tonic colon distention causes persistent VHS and if so whether mechanical stressinduced expression (mechanotranscription) of pain mediators in colonic smooth muscle cells (SMCs) plays a role in VHS. Human colonic SMCs were isolated and stretched in vitro to investigate whether mechanical stress upregulates expression of the pain mediator cyclooxygenase-2 (COX-2). Rat colon was distended with a 5-cmlong balloon, and gene expression of COX-2, visceromotor response (VMR), and sensory neuron excitability were determined. Static stretch of colonic SMCs induced marked expression of COX-2 mRNA and protein in a force-and time-dependent manner. Subnoxious tonic distention of the distal colon at ϳ30 -40 mmHg for 20 or 40 min induced COX-2 expression and PGE2 production in colonic smooth muscle, but not in the mucosa layer. Lumen distention also increased VMR in a force-and time-dependent manner. The increase of VMR persisted for at least 3 days. Patch-clamp experiments showed that the excitability of colon projecting sensory neurons in the dorsal root ganglia was markedly augmented, 24 h after lumen distention. Administration of COX-2 inhibitor NS-398 partially but significantly attenuated distention-induced VHS. In conclusion, tonic lumen distention upregulates expression of COX-2 in colonic SMC, and COX-2 contributes to persistent VHS. COX-2; visceral sensitivity; mechanical stress; irritable bowel syndrome IRRITABLE BOWEL SYNDROME (IBS) is a functional bowel disorder, affecting ϳ11% of the general population in the US (8, 26). Abdominal pain is one of the prominent symptoms in IBS (8, 14, 28) . It is highly regarded that visceral hypersensitivity (VHS) is one of the main reasons for abdominal pain in IBS (8, 14, 28) . However, the underlying mechanisms for VHS are not well understood. Abdominal distention and bloating are other major complaints in IBS (4, 9, 18, 51). Based on a comprehensive bowel symptom questionnaire, 76% of IBS patients reported abdominal bloating and 57% had abdominal distention (9). Objective measurements with an abdominal inductance plethysmography found that 60% of constipation-predominant IBS patients demonstrated measurable abdominal distention (16). The pathogenesis of abdominal distention is not well understood. However, it is attributed to excessive gas accumulation and impaired gas transit in the intestine and colon (15, 20, 36, 37) . Other postulated mechanisms include intraluminal retention of fluid and solid contents and altered gut microflora (1, 9, 22, 47). Ineffective evacuation, resulting in fecal retention in the colon and rectum, may also contribute to abdominal distention in IBS (8, 46, 47) . Thus abdominal distention in IBS is largely due to luminal retention of gas, solid, and liquid contents in the gut. However, it remains unknown whether abdominal distention is simply an accompanying sign in IBS or a part of pathogenic mechanisms of VHS in the gut (44).
IRRITABLE BOWEL SYNDROME (IBS) is a functional bowel disorder, affecting ϳ11% of the general population in the US (8, 26) . Abdominal pain is one of the prominent symptoms in IBS (8, 14, 28) . It is highly regarded that visceral hypersensitivity (VHS) is one of the main reasons for abdominal pain in IBS (8, 14, 28) . However, the underlying mechanisms for VHS are not well understood. Abdominal distention and bloating are other major complaints in IBS (4, 9, 18, 51) . Based on a comprehensive bowel symptom questionnaire, 76% of IBS patients reported abdominal bloating and 57% had abdominal distention (9) . Objective measurements with an abdominal inductance plethysmography found that 60% of constipation-predominant IBS patients demonstrated measurable abdominal distention (16) . The pathogenesis of abdominal distention is not well understood. However, it is attributed to excessive gas accumulation and impaired gas transit in the intestine and colon (15, 20, 36, 37) . Other postulated mechanisms include intraluminal retention of fluid and solid contents and altered gut microflora (1, 9, 22, 47) . Ineffective evacuation, resulting in fecal retention in the colon and rectum, may also contribute to abdominal distention in IBS (8, 46, 47) . Thus abdominal distention in IBS is largely due to luminal retention of gas, solid, and liquid contents in the gut. However, it remains unknown whether abdominal distention is simply an accompanying sign in IBS or a part of pathogenic mechanisms of VHS in the gut (44) .
In an attempt to determine whether distention modulates visceral sensitivity, several groups studied the acute effect of repetitive distentions of a balloon in the distal colon to noxious pressure (13, 29, 31) . A noxious pressure is generally considered greater than 40 mmHg (31, 52) . It was found in naive rats that colonic tonic distention at 60 mmHg for 10 min followed by a series of phasic distentions for another 10 min increased visceromotor response (VMR) (13, 29) . This is similar to the findings in humans that repetitive colonic distention (60 mmHg, 30 s) for 10 times at 4-min intervals resulted in VHS and hyperalgesia in normal subjects (31) . Moreover, Munakata et al. (30) found that repetitive sigmoid colon distention at 60 mmHg for 10 min led to rectal hypersensitivity and hyperalgesia in IBS patients. Lumen distention at noxious pressure (60 mmHg) induced spinal changes of neuropeptide expression and ERK 1/2 activation (27, 29) . These data suggest that colon distention at noxious pressure may induce acute VHS via a central sensitization mechanism (30) . It is not known whether lumen distention causes persistent VHS and if so whether peripheral sensitization plays a role in the development of distention-induced VHS.
In the present study, we sought to specifically address the following questions: 1) Does subnoxious colon distention (at or lower than 40 mmHg) lead to visceral sensitization in a forceand time-dependent manner? 2) If so, does the distentioninduced visceral sensitization persist for 1, 3, or 7 days after distention is discontinued? 3) Is peripheral sensitization involved in the development of persistent VHS? Our hypothesis was that colon distention induces mechanotranscription (39) of pain mediator cyclooxygenase-2 (COX-2) (19) and that production of COX-2-derived PGE 2 in colonic smooth muscle cells (SMCs) contributes to persistent VHS.
METHODS

Isolation of HCCSMCs.
Human colonic circular SMCs (HCCSMCs) were isolated and cultured as described previously (38, 41, 42) . Human tissue was obtained from the descending and sigmoid colons of patients undergoing surgery for colorectal cancer with approval of the University of Texas Medical Branch Institutional Review Board. Full-thickness tissue was dissected from the disease-free margins of the resected segments. The circular muscle layer was separated from the taenia coli and lamina propria with a tissue slicer. Two successive digestions with papain and collagenase, as described previously by Shi and Sarna (38, 41, 42) , were used to disperse SMCs. The cells were cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum in the presence of 100 units/ml of penicillin G, 100 g/ml of streptomycin sulfate, and 0.25 g/ml of amphotericin B. The culture medium was changed every 3 days. The cells in passages 3 to 5 were used in the experiments. Greater than 95% of the cells in culture stained with smooth muscle specific ␣-actin (41, 42) . The cultures of colonic SMCs retained their contractile phenotype (41) (42) (43) .
Application of mechanical stretch in the primary culture of human colonic SMCs. The human colonic SMCs were seeded at 8 ϫ 10 4 cells/well in six-well BioFlex culture plates coated with type I collagen (Flexcell, Hillsborough, NC) and allowed to grow to ϳ80% confluence before subject to DMEM/1% FBS for 24 h prior to stretch (21, 23, 39) . Cells were mechanically stretched by using the FX-4000 Tension Plus System (Flexcell) as described previously (21, 23, 39) . This computer-regulated bioreactor system applies multiaxial strain to the cells cultured on flexible membrane plates through vacuum pressure. Cells incubated in parallel under identical conditions but without exposure to stretch served as controls. To mimic tonic lumen distention in vivo, cells were subjected to static stretch at 18% elongation in all the experiments of this study.
Lumen distention of the distal colon in rats. Male Sprague-Dawley rats of ϳ8 -10 wk (Harlan Sprague Dawley, Indianapolis, IN) were used for the study. The rats were housed in a controlled environment (22°C, 12-h light-dark cycle) and allowed rodent pellet food and water ad libitum at all times unless stated otherwise. The Institutional Animal Care and Use Committee at University of Texas Medical Branch approved all procedures performed on the animals.
To apply balloon distention of the distal colon, rats were anesthetized with 2% isoflurane inhalation by an E-Z anesthesia vaporizer, and a 5-cm-long balloon attached to a catheter was inserted 7 cm into the distal colon from the anus. The catheter was secured to the tail with tape. Rats were then left conscious in a container (20 ϫ 8 ϫ 8 cm) for 30 min, before the application of static colon distention (CD) at different level of pressure (20, 30 , or 40 mmHg) for various periods of time (10, 20 , or 40 min) in separate rats. Pressure was closely monitored by using a sphygmomanometer connected to a pressure transducer as described (48, 53) . The range of pressure levels of distention (ϳ20 -40 mmHg) was chosen because distention at such levels is generally considered subnoxious (31, 52) . Control rats were treated similarly in the laboratory with a balloon insertion, but without inflation.
In experiments involving in vivo administration of COX-2 inhibitor NS-398 (24, 25) , animals were randomly assigned into control and distention groups to be treated with COX-2 inhibitor NS-398 (Cayman Chemical, Ann Arbor, MI) at 10 mg/kg ip in 250 l of 20% DMSO (24, 25) . NS-398 was administered one time immediately after balloon distention was completed, and rats were euthanized 24 h after the distention. NS-398 was not given before balloon distention to avoid any possible analgesic effect of NS-398 during the time of distention (19) .
Measurement of visceromotor response. Visceral sensitivity was measured by electromyographical (EMG) measurements of VMR to colorectal distention (CRD) as described previously (48, 53) . Briefly, two electrodes were implanted in the external oblique muscle and externalized behind the head. Rats were allowed 1 wk to recover from the surgery. Under mild sedation with 2% isoflurane, a balloon (5 cm) was inserted 7 cm into the distal colon via the anus and held in place by taping the tubing to the tail. Rats were placed in a container and allowed to adapt for 30 min. CRD was performed by rapidly inflating the balloon to constant pressure. Pressure was measured via a sphygmomanometer connected to a pressure transducer. The balloon was inflated to various pressures (20, 30, 40, 50, 60 , and 80 mmHg) for a 20-s stimulation period followed by a 2-min rest. EMG was recorded continuously during the experiment on a Biopac System EMG 100 C (Biopac Systems, Goleta, CA). EMG signals were amplified (5,000ϫ), filtered with a 1-Hz high-pass filter and a 500-Hz low-pass filter, and digitized by use of Acknowledge (Biopac Systems). The area under the curve (AUC) for the EMG signal during each 20 s of distention was calculated by use of an in-house-written computer program (48) . The net value for each distention was calculated by subtracting the baseline value derived from the AUC for the 20 s predistention period.
Labeling of colon specific sensory neurons in DRG. Colon specific neurons in the dorsal root ganglia (DRG) were labeled for patchclamp recordings by injecting 1,1=-dioleyl-3,3,3=,3-tetramethylindocarbocyanine methanesulfonate (DiI, Invitrogen, Carlsbad, CA) into the colon wall as described previously (48, 53) . In brief, animals were anesthetized by 2% isoflurane with an E-Z anesthesia vaporizer. After a midline laparotomy, 2 l of DiI (50 mg/ml in methanol) was injected into 10 sites on the exposed distal colon (ϳ5 cm in length). Animals were returned to normal housing and were treated for distention or as control before euthanasia for patch-clamp recordings ϳ7ϳ10 days after DiI injection.
DRG neuron dispersion and patch-clamp study. Isolation of DRG neurons from adult rats has been described previously (48, 53) . Briefly, rats were euthanized by decapitation. The spinal column was removed and transferred to ice-cold, oxygenated fresh dissecting solution containing (in mmol/l) 130 NaCl, 5 KCl, 2 KH2PO4, 1.5 CaCl2, 6 MgSO4, 10 glucose, and 10 HEPES, pH 7.2 (osmolarity ϭ 305 mosM). Thoracolumbar DRG (T13-L2) were obtained bilaterally. The ganglia were digested in dissecting solution containing collagenase D (ϳ1.5 mg/ml; Roche, Indianapolis, IN) and trypsin (ϳ1.2 mg/ml; Sigma, St. Louis, MO) at 34.5°C for 1.5 h. The DRG samples were washed in enzyme-free solution and triturated repetitively with glass pipettes to obtain single cell suspension.
Cells were plated onto acid-cleaned glass coverslips and perfused with normal external solution containing (in mmol/l) 130 NaCl, 5 KCl, 2 KH2PO4, 2.5 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, pH adjusted to 7.4 with NaOH (295-300 mosM). DiI-labeled neurons (bright red) were identified by using a fluorescence microscope (Olympus, Tokyo, Japan) with a rhodamine filter (excitation 546 mm, barrier filter at 580 mm). Whole-cell current and voltage were recorded by a Dagan 3911 patch-clamp amplifier (Dagan, Minneapolis, MN) (48, 50, 53) . Capacitive transients were corrected by using capacitive cancellation circuitry on the amplifier that yielded the whole-cell capacitance and access resistance. Up to 90% of the series resistance was compensated electronically. The currents were filtered at ϳ2-5 kHz and sampled at 50 or 100 s per point. Data were acquired and stored on a Dell computer for later analysis by using pCLAMP 9.2 (Axon Instruments, Sunnyvale, CA).
Rat colon tissue collection. The 5-cm-long distal colon (starting 2 cm from the anus) was collected from control and distended rats and placed immediately in carbogenated Krebs buffer (in mmol/l: 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1 NaH2PO4, 1.2 MgCl2, 11 D-glucose, and 25 NaHCO3). The mucosa/submucosa (M/S) and muscularis externa (ME) layers were separated by microdissection as described previously (21, 23, 38, 39, 40) .
Protein extraction and Western blotting. The colonic ME and M/S samples were homogenized on ice in lysis buffer supplemented with protease inhibitor cocktails (Sigma-Aldrich, St. Louis, MO) as described previously (38 -42) . After spinning at 12,000 g at 4°C for 15 min, the supernatant proteins were collected and resolved by a standard immunoblotting method (23, 39, 40, 49) . Equal quantities (20 g) of total protein were run on premade 4 -12% Bis-Tris SDS-PAGE (Invitrogen, Carlsbad, CA). The primary antibody to COX-2 (1:1,000) was purchased from Cayman Chemical. ␤-actin antibody (1:5,000, Sigma) was used as loading control. The protein detection was done using ODYSSEY Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
Enzyme immunoassay. Rat colonic ME tissue was homogenized in cold PBS (in mmol/l 137 NaCl, 2.7 KCl, 10 Na 2HPO4, KH2PO4, pH 7.4) supplemented with protease inhibitors for protein extraction. PGE2 was measured with the PGE2 enzyme immunoassay kit from Cayman Chemical by following the manufacturer's protocols (24) .
RNA preparation and real-time qPCR. Total RNA was extracted from colon ME samples by using the Qiagen RNeasy kit (Qiagen, Valencia, CA). One microgram of total RNA was reverse-transcribed with the SuperScript III First-Strand Synthesis System (Invitrogen) for quantitative RT-PCR with the Applied Biosystems 7000 real-time PCR system (Foster City, CA) (21, 23, 34, 39) . The assay ID for TaqMan detection of rat COX-2 mRNA is Rn00568225-m1 (Applied Biosystems) (21, 23, 34, 39) . For relative quantification of COX-2 gene transcription, real-time qPCR was performed with 40 ng of cDNA for the target gene and for the endogenous control 18S rRNA (part no. 4352930E, Applied Biosystems).
Statistical analysis. All data points are expressed as means Ϯ SE. Statistical analysis was performed by analysis of variance with nonrepeated measures (by Student-Newman-Keuls test) for comparisons of multiple groups and Student's t-test for comparisons of two groups. A P value of Յ0.05 was considered statistically significant.
RESULTS
Static mechanical stretch induces gene expression of COX-2 in HCCSMCs.
Sigmoid colon tissues from four male patients (58 to 69 years old) were obtained for preparations of HCCSMCs for culture. We found that static stretch of HCCSMCs at 18% elongation for 60 min significantly increased COX-2 protein expression by 3.83 Ϯ 0.72-fold in 24 h (Fig. 1A) . We harvested the cells 3 h after the start of stretch and further determined whether stretch induced expression of COX-2 mRNA in a force-and time-dependent manner. Static stretch for 60 min at 10 or 18% elongation, but not 5%, significantly upregulated COX-2 mRNA expression. On the other hand, stretch at 18% for 30 or 60 min, but not for 10 min, significantly induced COX-2. Stretch at 18% for 60 min increased COX-2 mRNA by 2.70 Ϯ 0.40-fold (P ϭ 0.02 vs. control, N ϭ 4 with duplication) (Fig. 1B) .
Lumen distention of the distal colon time and force dependently upregulates expression of COX-2 in colonic smooth muscle. We then determined the effect of CD on gene expression of COX-2 in rats. Distention of the distal colon at 40 mmHg for 20 or 40 min significantly induced expression of COX-2 mRNA and protein in the muscularis externa (Fig. 2, A  and B) . (Fig. 2B) . CD at 40 mmHg for 10 min did not lead to any significant change of COX-2 expression (Fig. 2,  A and B) . Interestingly, COX-2 expression in colonic mucosa and submucosa layer was not significantly altered by lumen distention up to 40 mmHg for 40 min (Fig. 2C) .
Distention of the distal colon for 40 min at 30 mmHg, like 40 mmHg, significantly induced expression of COX-2 mRNA in the muscularis externa (Fig. 2, A and B) . Compared with sham controls, the COX-2 mRNA increased 2.38 Ϯ 0.43-fold 24 h (P Ͻ 0.05 vs. control, n ϭ 5). The COX-2 protein level showed a trend of being greater than in controls (2.51 Ϯ 0.93 vs. 1.0 Ϯ 0.56, P ϭ 0.08 vs. control). Distention for 40 min at 20 mmHg did not cause a significant change of COX-2 mRNA and protein expression (Fig. 2, A and B) .
Lumen distention induces VHS. We next studied the persistent effect of tonic CD on visceral sensitivity. We measured VMR in rats before (Pre) and 24 h after (Post) CD at different pressure levels (20, 30 , and 40 mmHg) for various times (10, 20, and 40 min). The results are shown in Fig. 3 . In the control rats, the VMR values did not change 24 h after balloon insertion without inflation (Fig. 3A) . However, the VMR significantly increased 24 h after CD at 40 mmHg for 20 or 40 min (Fig. 3 , E and F, respectively), or at 30 mmHg for 40 min (Fig.  3C ) (P Ͻ 0.05 vs. predistention self control, n ϭ 5) (Fig. 3) . Nevertheless, distention with pressure levels lower than 20 mmHg for shorter than 30 min did not induce significant VMR changes (n ϭ 5 in each group). Moreover, the VMR remained significantly increased 3 days after the distention at 40 mmHg for 40 min (Fig. 4 ) but recovered to almost normal levels 7 days later. Lumen distention sensitizes colon specific sensory neurons. Twenty-four hours after a colon distention at 40 mmHg for 40 min, rats were euthanized for patch-clamp recording of the colon specific DRG neurons (Fig. 5) . The resting membrane potential was significantly decreased from Ϫ56.7 Ϯ 0.6 mV in control to Ϫ46.2 Ϯ 0.9 mV in rats treated with distention (P Ͻ 0.01 vs. control, n ϭ 5 or 6). The rheobase was lower in rats treated with distention than in control (0.18 Ϯ 0.03 nA vs. 0.28 Ϯ 0.02 nA, P Ͻ 0.05. n ϭ 5 or 6). The number of 2ϫ rheobase-evoked action potentials in the CD group was 2.3-fold of that in control (P Ͻ 0.05 vs. control). These data indicate a heightened excitability of the colon specific DRG neurons after distention.
COX-2 inhibitor attenuates lumen distention-induced VHS and neuron sensitization.
We then determined whether stretchinduced COX-2 in colonic smooth muscle is involved in the observed heightened neuron excitability and VHS 24 h after CD (at 40 mmHg for 40 min). As shown in Fig. 6 , administration of COX-2 inhibitor NS-398 (10 mg/kg) significantly ameliorated distention-induced changes of cell excitability in colon specific DRG neurons (Fig. 6, A-C) . In the NS-398 treated rats, the evoked action potential number was nearly the normal level (Fig. 6C) . The resting membrane potential and rheobase were partially but significantly recovered in the distended rats treated with NS-398 (Fig. 6, A and B) . NS-398 treatment in sham control rats did not change DRG neuron excitability (Fig. 6) . Moreover, treatment with NS-398 significantly improved CD-induced changes of VMR, compared with CD rats treated with vehicle (Fig. 6D) . When NS-398 was present, distention increased the EMG response only for the stimulation of 80 mmHg. NS-398 treatment in sham control rats decreased the EMG response to the 60 mmHg stimulation (Fig. 6D) . Finally, our data showed that CD-induced COX-2 expression in the colonic muscularis externae was associated with increased production of PGE 2 , which was completely blocked by COX-2 inhibitor NS-398 treatment (Fig. 6E ).
DISCUSSION
Our study showed that human colonic SMCs are very sensitive to mechanical stress. Static stretch of HCCSMCs at 10 -18% elongation induced marked expression of COX-2, a key enzyme for synthesis of prostaglandins (PGs). PGs, especially PGE 2 , are well-recognized pain mediators and play an important role in the development of hyperalgesia (2, 19) . PGE 2 is a key component of nociceptive mediators involved in visceral pain in the gut and modulates colonic sensory neuron excitability (12, 45) . Moreover, esophageal hyperalgesia in human subjects was attenuated by PGE 2 receptor antagonist (35) . These data suggest that COX-2-derived PGE 2 contributes to human visceral pain and hypersensitivity.
In vivo experiments showed that lumen distention of the colon at 30 or 40 mmHg for as short as 20 min robustly induced gene expression of COX-2 and production of PGE 2 in colonic smooth muscle in rats. Previous studies showed that COX-2 expression in colonic SMCs is markedly induced in the distended colon in bowel obstruction (23, 39) . These data suggest that mechanical stress is an important stimulus of gene expression of COX-2 in gut SMCs. More importantly, the present study demonstrates that excitability of colon specific sensory neurons is significantly augmented as detected 24 h after a one-time colon distention at 40 mmHg for 40 min. Quantitative measurements of the VMR demonstrated that VHS was induced in rats undergoing colonic distention. We found that the visceral sensitivity remained increased for at least 3 days after lumen distention. Moreover, the increase of visceral sensitivity was partially but significantly attenuated by administration of COX-2 inhibitor NS-398. Thus our study suggests that lumen distention induces mechanotranscription of COX-2 and production of PGE 2 in gut SMCs, which contribute to VHS. This is a novel mechanism of peripheral sensitization in the gut. It is of interest to note that although COX-2 inhibitor NS-398 completely blocked PGE 2 production, it only partially improved distention-induced sensory neuron excitability and EMG response. This suggests that mechanical stress may induce expression of other nociceptive mediators, which could contribute to VHS in conditions with lumen distention.
The novel pathway of peripheral sensitization due to mechanotranscription of nociceptive mediators in gut SMCs may be relevant to abdominal pain in several gastrointestinal (GI) conditions. First, lumen distention is apparent in mechanical obstruction and pseudo-obstruction (10, 32, 34) . Abdominal pain and visceral sensitization are present in obstructed patients and in animals with lumen distention (3, 10, 17, 32, 34) . Our findings suggest that mechanotranscription of COX-2 in gut SMCs may play a critical role in the development of pain in obstructive bowel disorders. Second, our study may also have implications for VHS in functional bowel disorders such as IBS, in which abdominal distention and intraluminal gas and solid retention are well documented (16, 36) . Although constant lumen distention may not be present in IBS, abdominal distention was demonstrated objectively in IBS patients, especially at the end of the day (16). Our results showed that constant lumen distention is not a requisite for increased VMR and for effective mechanotranscription of COX-2 in gut SMCs, since a subnoxious distention for as short as 40 min caused COX-2 expression and increased VMR. Thus abdominal distention and intraluminal retention are not just accompanying signs in IBS but may play a role in the development of VHS, as postulated by others (5, 33) . Third, our study may help to explain, at least partly, why patients have abdominal pain after GI endoscopy, in which bowel distention is required. It is found that up to 50% of patients experience abdominal pain by 24 h after gas distention for endoscopy (6, 7, 11) . Interestingly, if greater and longer gas retention was found in the GI tract after the procedure, more patients were likely to report pain (6, 7, 11) . Our studies show that mechanical stretch induces COX-2 expression in force-and time-dependent manners. Static stretch of human colonic SMCs for 60 min at 10 or 18%, but not 5%, increased COX-2 mRNA expression. On the other hand, stretch at 18% for 30 or 60 min, but not 10 min, significantly induced COX-2 gene expression in the human colonic SMCs. Further in vivo study found that colon disten- A-C: NS-398 was administered 10 mg/kg ip immediately after balloon distention (40 mmHg for 40 min), and rats were euthanized 24 h after the treatments. Neuronal cells were isolated from control (Ctr) and rats treated with colon distention (40 mmHg for 40 min). Resting membrane potential, rheobase, and 2ϫ rheobase-evoked action potentials were counted. N ϭ 5 or 6 rats in each group, and ϳ8 -10 neurons were studied in each rat. D: EMG was recorded in different rats treated with NS-398 from those used for electrophysiology study. N ϭ 5 rats in each group. E: PGE2 production was measured in colonic muscularis externa homogenates. N ϭ 4 or 5 rats in each group. *P Ͻ 0.05 vs. control. #P Ͻ 0.05 vs. CD/vehicle (Veh.).^P Ͻ 0.05 vs. Ctr/NS-398. tion at 40 mmHg for as short as 20 min led to mechanotranscription of COX-2 and VHS. However, the same pressure level for 10 min of distention did not cause detectable mechanotranscription or VHS 24 h later. We found that a minimal distention pressure at 30 mmHg was required to induce upregulation of COX-2 and VHS, since lumen distention at 20 mmHg for 40 min did not cause any significant change of COX-2 expression or visceral sensitivity. Given that colon distention with pressure of 40 mmHg is considered the nociception threshold (31, 52) , our data indicate that mechanotranscription of COX-2 and visceral sensitization can be induced by lumen distention for relatively short period of time without patients' awareness.
Previous studies have shown that lumen distention with noxious stimulus pressures have acute effects on afferent neurons, spinal cord and the brain (27, 29) . Million et al. (29) found that repetitive colon distention at 60 mmHg activated phosphorylation of MAPK in the DRG and spinal cord. This may help to explain the "chemical coding" of visceromotor response. Our study, on the other hand, applied subnoxious pressure to study the impacts of lumen distention on persistent VHS and gene expression in the colon. We detected elevated VMR for at least 3 days after the stimulation of lumen distention. Furthermore, we found that mechanical stress-induced COX-2 from gut SMCs is partially responsible for the persistent VHS.
Lumen distention due to gas, liquid, or solid contents represents a static circumferential mechanical stress to the colon wall. Thus we applied tonic lumen distention to the colon in vivo and static stretch of SMCs in vitro. We found that colonic SMC is selectively responsive to the static circumferential mechanical stress, as the expression of COX-2 in the mucosa/ submucosa layer is not altered by distention. This is consistent with the findings in rat model of colon obstruction, in which a selective induction of COX-2 was found in colonic SMCs, but not in the mucosa or submucosa layers (39) . The exact reason for the selective induction of COX-2 in the SMCs in lumen distention is not very clear. However, these studies suggest that gut SMCs, via mechanotranscription, may play a unique role in the pathogenesis of VHS in lumen distention-associated conditions. This role of gut SMCs had not been revealed previously because mechanotranscription is a molecular mechanism causing no apparent morphological damage to the SMCs (21, 23, 24, 39, 49) . In addition, the smooth muscle layer, sitting deeply in the gut wall, is typically not a target of routine biopsy.
In summary, we found in the primary culture of human colonic SMCs that mechanical stretch induces gene expression of the pain mediator COX-2. The in vivo studies in rats demonstrated that lumen distention at a subnoxious level for as short as 20 min induces persistent visceral hypersensitivity and gene expression of COX-2 in colonic smooth muscle. Intervention studies showed that mechanical stress-induced COX-2 and COX-2-derived PGE 2 play an important role in visceral sensitization in lumen distention. This novel peripheral sensitization pathway may underlie the mechanisms of abdominal pain in bowel disorders with lumen distention or intraluminal retention. Thus the pathway linking mechanical stress to production of pain mediators in the gut is a potential treatment target to ameliorate pain in bowel disorders with lumen distention.
